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Abstract. A method to estimate the energy distribution and doso 

of environmental gamma radiation was developed using a multi

element TL dosemeter. Experimentally obtained energy responses 

from a multi-element TL dosemeter with different kinds of fil

ters were used to calculate the energy distribution and related 

dose by the SAND-II computer code. The code was originally devel

oped to estimate the neutron flux using a multiple foil acti

vation method. Measurements were made at several locations with 

the multi-element TL dosemeter and comparisons were made with 

results from a Nal(Tl) scintillation detector and a high-press

ure ionization chamber. 

December 1986 

Risø National Laboratory, DK-4000 Roskilde, Denmark 



ISBN 87-550-1313-9 

ISSN 0418-6435 

Grafisk Service Risø 1986 



•. -A 

CONTENTS 

Page 

1. INTRODUCTION 5 

2. MATERIALS AND METHODS 6 

2.1. Mult i -element TLD 6 

2.1.1. Theory 6 

2.1.2. Multi-element TLD-system 10 

2.1.3. Energy responses 12 

2.1.4. Test analysis 16 

2.2. Reference TLD 29 

2.3. Nal(Tl) spectrometry 29 

2.3.1. Nal(Tl) spectrometry system 29 

2.3.2. Response matrix method 33 

2.3.3. G-function method 37 

2.4. High-pressure ionization chamber 39 

2.5. Plastic scintillation dosemeter 39 

3. MEASUREMENTS 40 

3.1. Measurement of the cosmic-ray component 40 

3.2. Source irradiation 40 

3.3. Natural field measurement 41 

4. RESULTS AND DISCUSSION 41 

5. CONCLUSION 55 

ACKNOWLEDGEMENTS 55 

REFERENCES 56 



- 5 -

1. INTRODUCTION 

The increased number of nuclear power plants and the possibility 

of their being involved in accidents have shown the necessity for 

environmental gamma radiation measurements. This need was empha

sized especially after the accidents at Three Mile Island and 

Chernobyl. Although a continuous radiation monitoring system is 

vety costly, it still may be necessary for detecting radioactive 

leakages from a facility. In addition a monitoring system using 

passive dosemeters, as the TL doserneter, is widely accepted be

cause of the easy handling and the low cost, despite the disad

vantage of obtaining only an accumulated dose. 

Tn order to detect the radiation from facilities, there appears 

to be two kinds of methods. One is to detect the variation from 

the normal level of the total gamma radiation, the other to de

tect the specific gamma radiation. The former may be available 

for continuous measurements and the latter for spectroscopy 

measurements. For TLD measurements a spectroscopy method might 

be preferable owing to its long measuring period in the environ

ment. Several attempts to assess the effective energy of photons 

have been made using a multiple TL dosemeter with different fil

ters 1 #2,3,4), one of them was done for the purpose of measuring 

the Xe-133 released from a nuclear power plant accident4). But 

the information obtained by these methods was only the effective 

energy in addition to the exposure. 

This report describes a new technique to obtain not only the ef

fective gamma-ray energy but also the energy distribution of en

vironmental gamma-rays by using a TL dosemeter in combination 

with different filters. The dosemeter is named a multi-element 

TL dosemeter. 
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2. MATERIALS AND METHODS 

2.1. Multi-element TLD 

2.1.1. Theory 

The evaluation of the dose and gamma-ray dose-weighted energy 

spectrum was accomplished on the basis of the technique used in 

the SAND-II computer code5»6). This code was originally made to 

determine the neutron flux energy spectra using a multiple foil 

activation technique and iterative calculation. 

The simplest foil activation equation might we written: 

M = / <ME) * <ME) dE (1) 
o 

where 

M: produced number cf atoms of a foil (n) 

o; cross section of a foil (cm^) 

<)>: neutron fluence (n/cn»2) 

The integral equation with multiple foil detectors is re

written as follows from E.(1) 

Mi = / ffi(E) * <ME) dE (2) 
o 

The index i refers to the ith foil detector. Usually more than 

10 different foil detectors are used in order to cover a wide 

range of neutron energies. The SAND-II code has been developed 

to obtain <t>(E) from the measured activities Mi using the cross 

section data oi(E). 

The iterative algorithm used in the SAND-II code may be written 

as follows; 
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•j[k+l] = *j[k] * exp{Cj[k]}r j=1,2...,m (3) 

where 

l Wi,j[k] * ln(Ai/Ai[k]) 

Cj[k] = , j-1,2...,« (4) 
n 
I Wifj[k] 
i 

Wi,j[k] = Ai,j[k]/Ailk], j=1,2,..,m; i=1,2,..,n (5) 

Ai,j[k] = *j[k] * oi,j, j=1,2,..,m; i«1,2,..,n (6) 

m' 
Ai[k] = lAi#jLkJ, i-1,2,..,n (7) 

j 

•j(k] : ktn iterative flux over the j t n energy interval 

Cj[k] : ktn iterative flux correction term for the j t n 

energy interval 

Ai : measured activity for the ifc** foil detector reac

tion 

Ai[k] : calculated activity for the itn foil detector reac

tion based on the ktn iterative flux spectrum 

Ai,j[k] : the portion of Ai[k] contributed by neutrons in 

the j t n energy interval 

oi,j : itn foil detector cross section (constant) over 

the j t n energy interval 

Ej : lower energy bound of the j t n energy interval 

k : iteration number 

m : total number of energy intervals 

n : number of detectors used 
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From the weighting function (Eq.(5)), the calculated neutron flux 

will give the best agreement between the measurements and calcu

lations of each foil-detector's activity. 

This method is widely used for measuring the neutron flux in a 

nuclear reactor. For health physics research, other detectors 

have been used to analyze neutron spectra, i.e. a neutron counter 

with several moderators like the Bonner-ball counter and the 

SAND-II code is often used for the unfolding method7). Recently 

the neutron dose of the atomic bomb in Nagasaki was re-calculated 

using produced isotopes in sliced andesite (rock) and the SAND-II 

code**). 

Previously no work on gamma-ray spectrum analysis by this kind of 

unfolding method has been reported probably because many other 

methods are available (Nal(Tl) or Ge spectrometry). But it might 

be interesting to use the SAND-II code for gamma-ray spectrum 

analysis with economical and passive TL dosemeters. 

For the multi-element TLD an equation similar to Eq.(1) can be 

written: 

00 

T = / R(E)D(E)dE (7) 
o 

where 

T : observed TLD signal 

R(E) : TLD energy response relative to Co-60 irradition 

D(E) : gamma-ray dose spectrum 

It is possible to use the SAND-II code for analysis of the re

sults from the multi-element TLD just by replacing M, o(E) and 

<ME) in Eq(1) with T, R(E) and D(E), respectively. 

The theory of SAND-II code is simple, but the code is rather com

prehensive because of several options for the evaluation of neu

tron flux. Some of these options are inconvenient for gamma-ray 

analysis by TLD, however. In addition, it is necessary to make 

several corrections (e.g., change the fixed energy intervals). 
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For this reason we decided to make another code using the SAND-II 

algorithm for calculating the multi-element TLD data. 

We used a five-element TL dosemeter where the filters had quite 

different energy dependecies. An energy range of 10 keV to ap

proximately 3 MeV was considered for measuring the environmental 

gamma-rays. 

Each decade of the energy range was divided into 10 intervals, 

equidistant on the log-scale, resulting in 25 intervals for the 

actual energy range of 10 keV to 3.16 MeV. All spectra on the 

log-scale are described as histograms of total dose in each en

ergy interval without weighting energy widths. Because it might 

be more convenient seeing both continuous and peak spectra re

lating the dose. 

An initial spectrum is necessary for the iterative calculation. 

A constant was used in the log-scale energy representation de

scribed above (i.e. a decreasing function according to a linear-

scale energy representation) for the present study because this 

has been shown to be a good initial spectrum to use for all the 

gamma-ray energy distrubutions studied. As the calculated spec

trum has a tendency to depend on the initial spectrum especially 

in the less sensitive part of energy interval, the suggested 

initial spectrum is useful in finding significant trends of the 

gamma-ray energy distribution. 

For the iterative calculations, the general rule applies that 

the higher the number of calculations,the higher the precisi

on of the calculated results. But due to the errors in measure

ment, there is no additional advantage gained in increasing the 

number of iterations above a certain limit (see 2.1.4.). We 

found that the combination of the above-mentioned initial spec

trum and a maximum of 30 iterations is sufficient for both con

tinuous and monoenergetic spectra. 
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2.1.2. Multi-element TLD system 

CaS04:Dy TL material was chosen because of its high sensitivity, 

low fading, and distinct profile of strong energy dependence. 

Sintered CaSO^Dy pellets of 35 mg weight with diameter of 4.5 mm 

and thickness 0.8 mm became available from the Boris Kidric Insti

tute, Yogoslavia^), 

The CaSO^iDy pellets were pre-irradiation annealed at 300°C for 

30 minutes and post-irradiation annealed at 100nC for 20 minutes. 

The latter annealing was made in order to remove the low-tempe

rature peaks oZ the glow curve. The TLD pellets were measured in 

an automated TLD reader that uses hot N2~gas as the heating me

dium^}. 

Filter materials and thicknesses were chosen on the basis of 

gamma-ray absorption calculations. This resulted in the design of 

a five-element dosemeter equipped with filters of 1 !»»". Al( 1), 

1 mm Cu(#2), 6 mm Cu(#3), 2 mm Pb(#4), and 10 mm Pr-(#5). The 

standard Risø TLD holder for routine monitoring was provided with 

1 tun Al and 1 mm Cu cover plates for elements #1 and #2, respect

ively, and special cylindrical containers made of Cu ard Pb were 

designed for elements #3, #4, and #5. 

Six CaS04:Dy pellets were contained in each element to improve 

the measurement precision. Thus two holders for each element 

of #1 and #2, and one container for #3, #4, and #5. All CaSC>4:Dy 

pellets were calibrated individually against Co-60 radiation, 

and outlyer TL signals were eliminated on the basis of a stat

istics method to increase the precision*1). Six pellets con

tained in a thin plastic tube were put into each container. 

For field measurements the multi-element TL dosemeters were pla

ced in sealed plastic bags to shield them from humidity. An ex

ploded view of the five-element TL dosemeter is shown in Pig.1. 
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1 2 3 4 

Fig« 1. Exploded view of the five-element environmental 

CaS04:Dy TL dosemeter. Pilters are: #1 1 mm Al, #2 1 mm Cu, 

#3 6 mm Cu, #4 2 mm Pb, #5 10 mm Pb. 

To the left: Risø TLD holders with Al and Cu plates. A 

holder-slide with ID coding together with sintered CaS04:Dy 

TLD pellets are shown as well. 

To the right: Cylindrical shields with open lids made of Cu 

and Pb. Plastic tubes each containing six CaSO^Dy TLD 

pellets for insertion into the cylindrical shields are shown 

beneath. 
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2.1.3.Energy responses 
Gamma-ray energy response curves used as input to the SAND-II 
computer code were obtained by exposing the dosemeters t o mono-
energe t i c X-rays and gamma-rays. Tables 1 and 2 show 12 ISO qua l 
i t y X-rays '2 and combination of f i l t e r s , and 4 gamma-rays used 
in order to determine the energy responses . The X-ray machine 
used was from the Elema Shonander Corporat ion. The X-ray ex
posures were c a l i b r a t e d aga ins t Co-60 r ad i a t i on by a secondary 
standard ion iza t ion c h a m b e r ^ ) . The gamma sources were c a l i 
brated agains t Co-60 r a d i a t i o n by LiP TLD 700 TL dosemeters , and 
for the purpose of making e lec t ron equi l ib r ium, 1 and 5 mm p l a 
s t i c f i l t e r s were used for Co-60 and Na-24 r a d i a t i o n s , r e spec t 
ive ly . 

Table 1. X-ray energy and irradiation conditions table for 
multi-element TLD energy response calibration. 

Energy* Voltage Current Added f i l ter Dose rate Irrad.time Total dose 
(keV) (kV) (nft) Al Cu Sn Pb (nGy/min) (min) (nGy) 

9.8 

16.2 

22.9 

31.7 

46.2 

64.4 

83.2 

101 

120 

166 

210 

251 

12 

20 

30 

40 

60 

80 

100 

120 

150 

200 

250 

300 

15 

15 

15 

20 

20 

20 

20 

20 

20 

15 

15 

10 

0.3 

1.5 

3.6 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

0.21 

0.6 

2.0 

5.0 

5.0 

2.0 

I 

1.0 

2.5 

3.0 

2.0 

3.0 

1.0 

3.0 

5.0 

2.12 

0.992 

1.48 

1.15 

1.32 

0.774 

0.397 

0.485 

3.32 

0.966 

0.957 

0.631 

3.0 

3.0 

2.0 

2.0 

2.0 

3.0 

5.0 

5.0 

1.0 

3.0 

3.0 

4.0 

6.35 

2.98 

2.96 

2.30 

2.64 

2.32 

1.99 

2.29 

3.32 

2.90 

2.87 

2.52 

* : Mean energy of exposure 

**: irradiation distance 1 m 
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Table 2. Gamma-ray energy table used for the response 

calibration. 

Energy Yield Source Half-Life Decay type 

(IceV) (%) 

320.1 100 Cr-51 27.7d EC 

661.6 85.1 Cs-137 30.3y 0-

1252.8* 200 Co-60 5.26y B-

2754.0 99.9 Na-24 15.Oh 3-

*: Mean energy of 1173.2 keV and 1332.5 keV 

Figure 2 shows the energy response curves relative to Co-60 radi

ation. In this figure the point at 2754 keV of the 1 mm Al filter 

is assumed to be 1. Because too high a response was observed due 

to the contribution of the high energy and strong intensity of 

beta-ray from Na-24. 

Na-24 emits two gamma-rays, 1368.6 keV (100%) and 2754.0 keV 

(99.9%). The contribution of the first gamma-ray was then sub

tracted from the total response of Na-24 assuming that the re

sponse of 1253 keV (Co-60) wa3 equal to that of 1368.6 keV Na-24. 

These data were converted into SAND-II input data shown in Fig.3 

using the CSTAPE code which is a sub-code of SAND-II and makes 

interpolated response data at each SAND-II energy interval. 
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Pig. 2. Measured gamma-ray energy responses relative to that 

for Co-60 for the five-clement CaSC<4:Dy TL dosemeter. 
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Pig« 3. Energy response curves serving as input to the 

SAND-II code. 
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2.1.4 Test analysis 

In order to make sure of the method and gain information about 

the tendency of the energy resolution, some test analyses were 

made under several conditions. The TL signals relative to the 

Co-60 source obtained by the energy response calibration was 

used as SAND-II input TL signals and calculated with 10, 20, 30, 

50, and 100 iterations. The output dose spectra are shown in Fig

ures 4 to 11 at typical energy points 22.9 keV, 46.2 keV, 83.2 

keV, 166 keV, 320.1 keV, 661.6 keV, 1252.8 keV, and 2754.0 kev. 

10 

1.0 

</> 
O 
O 

^ q 
i -

0.1 

0.01 
0.01 

"I 

ZL 

10-
20-

3 0 -

10C-

0.1 1.0 

PHOTON ENERGY (MeV) 

Fig. 4. Calculated dose spectrum at 22.9 keV with 10, 20, 
30, 50, and 100 i t e r a t i o n s . 
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Fig. 5. Calculated dose spectrum at 46.2 keV with 10, 20, 

30, 50, and 100 iterations. 
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Fiq, 6. Calculated dose spectrum at 83,2 keV with 10, 20, 

30, 50, and 100 iterations. 
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Pig. 7. Calculated dose spectrum at 166 keV with 10, 20, 

30, 50, and 100 iterations. 
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Pig. 8. Calculated dose spectrum at 320.1 keV with 10, 20, 

30, 50, and 100 iterations. 
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Fig. 9. Calculated dose spectrum at 661.6 keV with 10, 20, 

30, 50, and 100 iterations. 



- 22 -

10 

1.0 

1 0 — 
2 0 — 
S O -

100 

> -

o 

0.1 

0.01 
0J01 

. - J 

i r 
i ; 

L J 

01 1.0 

PHOTON ENERGY (MeV) 

Pig« 10« Calculated dose spectrum at 1252.8 keV with 10, 20, 

30, 50, and 100 iterations. 
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Fig. 11. Calculated dose spectrum at 2754.0 keV with 10, 20, 

30, 50, and 100 iterations. 
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These data contain no error for the analyses except for error due 

to the interpolation of response curve and calculation by a com

puter. They might be a proper sample input data for obtaining the 

calculation. 

In these figures it is obvious that the higher iterative number 

used, the higher will be the energy resolution. And at an ex

tremely low-energy point at 22.9 keV, and in an energy range 

higher than 661.6 keV, the energy resolutions become rather poor 

because of lack of useful information from the energy response 

curves. In the low-energy range (< 0-40 keV) only few response 

curves are available, and in the high energy range (> 661.6 keV) 

the differences between the response curves become rather small 

in spite of the many curves. In the energy range from 46.2 keV to 

320.1 keV, however, the energy resolution is quite satisfactory. 

A small peak at 180 keV can be seen in Pig. 6 from the 83.2 keV 

X-ray irradiation. This peak may be due to an interpolation er

ror because #4 TL element (Pb-2 mm filter) has a small peak at 

83.2 keV in its energy response curve (Fig.2). 

Table 3 shows the calculated output dose at typical energy points 

with a changing number of iterations. As the dose intensity used 

as an input of SAND-II is normalized into one unit here, it is 

expected that a single unit dose would be obtained as an output. 

There is some tendency to increase the doses in a low-energy 

range anci an opposite tendency in a high-energy range with in

creasing iteration. This can be explained in that in low itera

tions the dose spectrum has a low-energy tail in the low-energy 

range and a high energy tail in the high-energy range. It is re

cognized that many iterations are not always useful, and about 

30 may be sufficient. 
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Table 3« Calculated dose of unit irradiation using energy 

response calibration data. 

Energy Number of iterations 

(keV) 10 20 30 50 100 

22.9 

46.2 

83.2 

166.0 

320.1 

661.6 

1252.8 

2754.0 

1.48 

1.87 

1.01 

1.13 

0.922 

0.888 

1.02 

1.13 

2.20 

1.47 

0.974 

1.11 

0.963 

0.893 

1.0 

1.11 

2.41 

1.42 

0.967 

1.11 

0.973 

0.900 

0.996 

1.09 

2.67 

1.41 

0.964 

1.11 

0.979 

0.910 

0.989 

1.08 

2.97 

1.42 

0.963 

1.11 

0.983 

0.923 

0.983 

1.05 

Next we assumed mixed fields with an energy combination, 83.2 

and 320.1 k-_-V, and combination 320.1 and 1252.8 keV using sum

mation of tie two TL signals from the energy response cali

bration. Ths calculated dose spectra are shown in Figures 12 and 

13. It is quite easy to discriminate between the tvo energies in 

Pig.12 after only a few iterations, but it is quite difficult to 

recognize two peaks in Pig. 13 due to the poor resolution. Table 

4 shows the calculated dose of each energy compared with the ir

radiated one, and good agreements were observed. 
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Fiq, 12. Calculated dose Spectrum for the combination of two 
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Fig. 13. Calculated dose spectrum for the combination of two 

energies 320.1 and 1252.8 keV with 10, 20, 30, 50, and 100 

iterations. 
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Table 4. Calculated dose for 

energies with unit dose, from 

calibration. 

Energy Ref. dose 

(keV) 10 

83.2 1.0 1.06 

320.1 1.0 1.06 

Total dose 2.0 2.12 

Energy Ref. dose 

(keV) 10 

320.1 1.0 

1252.8 1.0 

Total dose 2.0 1.86 

- : Not possible to discrimi 

the combination of two 

the energy response 

Number of iterations 

20 30 ;0 100 

0.961 0.934 0.912 0.904 

1.13 1.12 1.10 1.08 

2.09 2.05 2.01 1.98 

Number of iterations 

20 30 50 100 

1.89 1.91 1.93 1.96 

te between the energies. 
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Using the natural field gamma-ray spectrum measured by the 

Nal(Tl) response matrix method (ref. 2.3.2) and multi-element TLD 

response curve, the expected TL signals were calculated and used 

as input data of SAND-II. The two spectra, measured by the 

Nal(Tl) response matrix method and calculated by SAND-II are 

shown in Fig.14. Although the resolution of multi-element TLD is 

poorer than than that of the Nal(Tl) detector, the shape of both 

spectra are wholly consistent even after only a few iterations. 

2.2 Reference TLD 

The determinations of doses were based on energy-independent LiF 

TLD-700 dosemeters (Harshaw)10 that were irradiated by the dif

ferent sources and were exposed in the environment simultaneously 

with the multi-element TL dosemeters. The LiF TL dosemeters were 

contained in Risø standard TLD holders equipped with individual 

build-up layers of lucite and were calibrated against Co-60 radi

ation. The LiF TLD's were pre-irradiation annealed at 400OC for 

one hour followed by two hours at 100°C and post-irradiation 

annealed at 100°C for 20 minutes. 

2.3 Nal(Tl) spectrometry 

2.3.1 Nal(Tl) spectrometry system 

Figure 15 shows a schematic diagram of the Nal(Tl) spectrometry 

system. The spectra recorded with this system were analyzed with 

two methods: The Response Matrix Method and the G-function Meth

od. 

mhe detector dimensions were 3"x3" and the manufacturer was Geo-

metrics/Exploranium Corp. The construction of the Nal(Tl) scin

tillation detector is shown in Fig.16. The amplifier gain was 

adjusted to cover the energy range up to 3 MeV. The output pulses 
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Fig. 14. Dose rate spectra calculated by the SAND-II code with ths multi-element 

TL dosemeter (left), and calculated with the response matrix method from a Nal(Tl) 

spectrum (right) measured on a lawn field. 
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Fig. 15. Schematic diagram of the Nal(Tl) spectrometry 

system. 
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from the main amplifier were analyzed and stored in the 1024-

channel memory of a multichannel analyzer, and after measurements 

the data were transferred and processed on the central computer 

at the laboratory. 

It is easy to discriminate against the counts in the spectra from 

the cosmic-ray component with energies above 3 MeV. But it is 

known that the cosmic-ray components is still present at energies 

lower than 3 MeV (Fig.17). The data in Pig.17 was reported by 

other authors using a simultaneous counting technique1*). It is 

rather difficult to discriminate below the 3 MeV energy range 

without a special technique. In this study we have assumed that 

the cosnic-ray distributation is constant up to 3 MeV. This con

stant was estimated from the number of counts between 2.80 MeV 

and 3 MeV and subtracted from the spectrum in order to obtain the 

gamma-ray component only. The error of the dose calculation in

troduced from this assumption is small, because the difference 

between the constant and the cosmic-ray pulse height distribu

tion is small and appears only in the low-energy range. 
i 

i 

2.3.2 Response matrix method 

The pulse height spectrum obtained from the multi-channel analy

zer is not the true gamma-ray energy spectrum in the field, but 

the result of interactions between gamma-rays arid the Nal(Tl) 
i 

scintillator. To obtain the true gamma-ray energy spectrum it is 

necessary to unfold the measured pulse-height spectrum using the 

response matrix method. 
i 

The pulse-height spectrum might be written as follows: 
i 

i 

C O 

C(E) = / R(E',E) * N(E) dE' (1) 
o 

l 

where 
i 

C(E) : measured pulse-height spectrum 

R(E,',E): response function of the Nal(Tl) scintillator (the 

probality of producing a pulse with energy E' 

from an incident gamma-ray with energy E) 

N(E) t incident true gamma-ray energy spectrum 
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Pig« 17. Pulse-height distributions from cosmic-rays and 

from gamma-rays in the natural environment * 5 ) . 
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This equation night be rewritten into a matrix equation as fol

lows: 

U> C = R x N => r c , ' 

*"21 

• 

l C * j L
r * l 

k : energy intervals 

r i2 • • ^ l k * 

^kkj 

f n i ] 
r>2 

i n k j 

The unknown spectrum N can be obtained by multiplication with the 

inverse matrix R~* from the left in Eq.(2). This method is very 

useful for nearly monotonous spectra, but not for spectra with 

peaks, because the calculated spectra might oscillate and con

tain negative values. 

For this reason we have calculated N by an iterative method^). 

The part of the incident true spectrum N in the itn energy inter

val after i iterations is given by: 

(j) (j-l> ^ <o) (j-1) 
n * n * c / c (3) 
l i i l 

with the following notation: 

np' : i energy-interval part of the true spectrum 

N(J) after j iterations 

c[°) : itn energy-interval part of the measured pulse-

height spectrum 

ep -*' : itn element of the column vector £ calculated 

from Eq.(2) using the spectrum from the (j-1)tn 

iteration N(J_1) 

An initial spectrum N(°) is necessary for the calculation, and 

the measured pulse height spectrum c(°) was used. We divided the 

energy range from O to 3 NeV into 30 intervals of equal size. 
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Consequently the dimensions of £, Rr and N are 30, 30 x 30, and 

30, respectively. Satisfactory convergence might be brought about 

after several iterations. The number of 50 iterations was suffi

cient to analyze the Nal(Tl) spectra. 

The response matrix used in this study was calculated for a 3"x3" 

NI(Tl) scintillator. A small correction of the efficiency for the 

response matrix was made for the assumption of an isotropic gam

ma-ray field1**), since the response matrix was made for a bare 

Nal(Tl) scintillator, it was insufficient for a detector covered 

with metal. To solve this problem an additional response matrix 

which compensates for attenuation and scatter by a 4 mm Al cover 

was used17). 

The dose rate and dose-rate spectrum are given as follows: 

D = [Di (4) 

Ni * Emi * vi * L 

Di = 0.0087 * 1.72 * 
V * W * T 

where 

D : dose rate in air (uGy/h) 

Di : dose rate at gamma-ray energy Emi (uGy/h) 

0.0087: conversion factor from wR/h to uGy/h 

1.72 : conversion factor to unit of uR/h 

Ni : number of incident gamma-rays in the itn energy 

interval 

Emi : mean energy of itn enerqy interval (MeV) 

Mi : energy absorption coefficient of air (1/cm) 

L : effective length of the Nal(Tl) scintillator (cm) 

V : volume of the Nal(Tl) scintillator (cm^) 

W : W value of air (NeV/ion pair) 

T : measuring time (s) 

Ni is calculated from Eq(3). L is the averaqe length of the paths 

along which the gamma-rays pass through the scintillator in an 
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isotropic field. The values of L, V, and W are 5.8 cm, 347.5 cm? 

and 33.7 eV, respectively. 

A sample analysis was made using a pulse-height distribution 

measured on a grass field at Risø National Laboratory. Figure 18 

shows the measured pulse-height distribution and the calculated 

true gamma-ray spectrum. The 1460.7 keV peak of K-40 and 2614.5 

keV peak of Tl-208 are more pronounced in the true energy spec

trum than in the measured pulse height spectrum. The dose distri

bution calculated by the response matrix method is shown in Fig. 

14 (right). The dose distribution was calculated assuming a uni

form intensity within each energy interval on a linear scale; 

for example, all the logarithmic energy intervals from 10 to 100 

keV were calculated from one energy interval on the linear scale. 

2.3.3 G-function method 

The G-function is used to convert the measured pulse height spec

trum to dose directly. 

The G-function method was developed by S. Moriuchi18). The method 

is widely adapted in Japan using an electronic device to improve 

the strong energy depence of the Nal(Tl) scintillator for the 

purpose of continuous measurements. As the theory of the G-func

tion method is described in detail elsewhere18), only a brief ex

planation is given here. 

The dose rate is written as follows: 

a* 

D « 0.0087 * / C(E) * G(E) dE (1) 
O 

where 

D : Dose rate (vGy/h) 

0.0087: conversion factor from uR/h to wG/h 

C(E) : count rate at energy E of pulse-height spectrum 

(cpm) 

G(E) : value of G-function at energy E (»R/h/cpm) 
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In the present study doses were calculated from the measured 

pulie-height spectra which were divided into 10 keV intervals 

from 50 keV to 3 MeV. A table for the G(E)-function for 3"x3" 

Nal(Tl) scintillator was used19). 

2.4. High-pressure ionization chamber 

Twc high-pressure ionization chambers20) RSS-111 made by 

Reuter Stokes, were used to measure the total exposure. The 

shape of the chamber is spherical and the wall is made of C.12" 

thick 303 stainless steel, in which high-pressure (25 atmos

pheres) high-purity Ar is filled. The ionization current is 

measured by an electrometer calibrated in uR/h. Instantaneous 

exposure rates were sampled every 40 seconds, and average one-

hour exposure rates were calculated and stored by a datalogger. 

Finally, the collected data were transferred to a large com

puter, where, doses were calculated and plots were made. 

The ionization-chamber response of 4.1yR/h to the cosmic-ray com

ponent was found from measurements at the nearby Roskilde Fiord. 

That value was subtracted from the recorded exposure rates in 

the field measurements. 

2.5. Plastic scintillation dosemeter 

The technique of the plastic scintillation dosemeter was devel

oped by W.Kolb et al 2 1). In the present study the MAB 604 dose-

meter was used to measure the gamma-ray dose rate. The detector 

consists of a NE102 plastic scintillator covered with ZnS(Ag) in 

order to improve the energy dependence. 

Output is provided in analogue form from a rate meter and in 

digital form from the integrator. The latter which has a resol

ution of 0.1 uR was used in connection with a stop watch to im

prove the precision of the results over that obtained when values 

are read visually from the rate meter. 
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3. MEASUREMENTS 

3.1 Measurements of the cosmic-ray component 

For TLD measurements of environmental gamma-rays it is necessary 

to subtract the contribution from the cosmic-ray component and 

the signal by self-contamination. For that purpose a measurement 

station was established on a pier at the Roskilde Fjord. Figure 

19 shows the cosmic-ray measurement set-up. A multi-element TLD 

was placed together with LIF TLD in an open lead shield with a 

thickness of 100 nun thereby avoiding the terrestrial gamma-ray 

component. The shield was covered with a thin plastic plate. 

Since most of the secondary cosmic-ray particles have high ener

gies, the TLD's do not show a strong angular dependence to the 

cosmic-ray component. The dominant part of the cosmic-ray compo

nent consists of tnuons and electrons, and their angles of inci

dence at ground level are known as cosine distributions to powers 

of about two and three, respectively. Consequently the main part 

of the cosmic—ray component is measured by this method. 

The lead shield also allowed for measurements with the Nal(Tl) 

spectrometer to assess the small contribution of gamma radiation 

from airborne radon daughters and the scattered terrestrial sky-

shine component. The measured TLD signals were corrected for 

these small gamma-ray components calculated from the measured 

Nal(Tl) spectrometer results and the TLD energy response curves. 

.2 Source irradiations 

Irradiation measurements were carried out using Ra-226 and Xe-133 

gamma-ray sources in a basement room. The Ra-226 source simu

lated a typical natural radiation field, and the Xe-133 source an 

artificial field after an accidental release from a nuclear power 

plant. The source strengths were 1 mg of Ra-226 in a Pt,Ir-encap-
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sulation and approximately TOO mCi of Xe-133 contained in a 

glass ampule. The distance between source and TL dosemeters was 

40 cm. The set-up is shown in Fig.20. The irradiation periods 

were 17 days for Ra-226 and three days for Xe-133. The doses 

for both sources were calibrated by reference TL dosemeters (LiF: 

Dy). For the Ra-226 irradiation Nal(Tl) spectroscopy was carried 

out to get information on the gamma-ray energy distribution, and 

furthermore a measurement with the high-pressure ionization 

chamber was made. 

3.3. Natural-field measurements 

Measurements in the field were carried out at three locations. 

One was a normal low-background field near the Risø Test Station 

for Windmills, and the others were high-background fields, one 

near an uranium ore deposit and the other at the Risø waste 

treatment plant. The uranium-ore field was chosen as a typica^ 

high-background area because of the natural radiation sources 

present, and the waste treatment plant was chosen because of the 

increased radiation level present from low-energy scattered radi

ation from the facility. The TL dosemeters were mounted approxi

mately one meter above ground fixed vertically on wooden plates 

for almost three months. The Figures 21 to 23 show each measur

ing place. 

Several additional measurements were made at these locations 

with Nal(Tl) spectroscopy, high-pressure ionization chamber, and 

plastic scintillation dosemeter. These measurements were carried 

out twice during the TLD measurement. In order to know the varia

tions of dose rates, continuous measurements with the high-press-

re ionization chambers were made to cover the TLD integration 

time as accurately as could be done at the waste treatment plant 

and the Test Station for Windmills. Measurements with LiF: Dy TL 

dosemeters were made for the high-background places only because 

of the lower sensitivity of these dosemeters. 

4. RESULTS AND DISCUSSION 

Results from the field sites and from the source irradiations of 
the measurements with the multi-element TL dosemeters are shown 
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Fig. 19. Cosmic-ray measurement set-up, 

Fiq. 20. Source irradiation set-up. 
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Fig. 21. Low background field site at windmill test station. 
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in Table 5. These data are used as input to the SAND II code. The 

results of the calculated dose-rate spectra are shown in Figs. 24 

to 28, which also include spectra obtained from the Nal(Tl) Re

sponse matrix method. For the Xe-133 irradiation there are no da

ta from the Nal(Tl) response matrix method because of the limited 

energy resolution (100 JceV) for that method. Fairly good agree

ment was found between the two measured spectra at the high-dose 

rate fields, except for small differences due to the low back

ground field in Figure 26, a slight difference between the two 

shapes can be seen. The present multi-element TLD technique poses 

special problems in a low-background field, because the cosmic-

ray component is relatively large compared to the gamma-ray 

component, especially for those TLD elements that are shielded 

most. Furthermore, the subtracted gamma-ray component may contain 

some errors. 

The dose rates measured with multi-element CaS04:Dy TL dosemeters, 

LiF:Dy TL dosemeters, the Nal(Tl) spectrometer, high-pressure ion

ization chamber, and plastic scintillation dosemeter are presen

ted in Table 6. A quite good agreement is seen for the doses of 

Ra-226 irradiation. However, there is a large difference between 

the results from the multi-element TLD and the LiF TLD for the 

Xe-133 irradiation. At present we have no explanation for this 

difference. Only a single measurement was possible due to the 

halflife of the source 5.29 days. Further experiments could be 

made in order to investigate whether or not there is a contribu

tion of low-energy X-rays (from 30 keV to 35 keV) from Xe-133 

which gives a low response for the LiF TL dosemeter. 

For the field measurements made with the multi-element TLD's and 

LiF TLD's the cosmic-ray components measured at the pier were 

subtracted. And for the doses measured with the other detectors 

the cosmic-ray components were also subtracted. The environmen

tal dose rates measured with the multi-element TL dosemeters at 

the field sites are generally consistent with those measured by 

the other methods. 

At the low-background site and waste treatment plant, the con

tinuous measurements with high-pressure ionization chambers were 



- 46 -

Table 5. Measured CaS04: Dy TLD signal (uGy/h) for each 

element normalized by Co-60 radiation from Ra-226 and 

Xe-133 source irradiations, the three environmental 

field sites, and cosmic-ray measurement station. 

CaS04:Dy TLD signal 

A1-1mm Cu-1mm Cu-6mm Pb-2mm Pb-10mm 

Ra-226 1.10 1.06 0.958 0.886 0.769 

irradiation 

Xe-133 190. 25.3 1.11 0.364 0.886 

irradiation 

Low background 0.0295 0.0259 0.0193 0.0156 0.0103 

field site 

U-ore deposit 0.705 0.669 0.551 0.457 0.368 

field site 

Waste treatment 1.29 0.872 0.408 0.186 0.0769 

field site 

Cosmic-ray 0.0358 0.0336 0.0377 0.0405 0.0632 

component 

The cosmic-ray component was subtracted for the measurements 

at the environmental sites. 
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Table 6. Dose rates (uGy/h) evaluated from measurements with 

multi-element CaSO^DY TL dosemeter of Ra-226 and Xe-133 

qamma radiations, and the environmental gamma radiations at 

3 different field sites. Comparative measurements made with 

LiP TLD, Nal(TI) gamma spectrometer, RSS-111 high-pressure 

ionization chamber, and plastic scintillation dosemeter are 

listed as well. 

Multi-element LiP Nal(Tl) Nal(Tl) RSS-111 Plastic 

TLD TLD Matrix G-function HPIC Scint. 

Ra-226 source 0.983 1.00 1.04 1.01 0.992 

Xe-133 source 35.3 22.2 

Lew background 0.0214 

field site 

0.0225 0.0211 0.0289 0.0300 

0-ore deposit 0.576 

field site 

Waste treatment 0.574 

field site 

0.586 0.545 0.522 0.609 0.524 

0.614 0.566 0.478 0.641 0.505 
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Fig. 24. Dose rate spectra for the Ra-226 irradiation obtained from the multi-element 

TLD system (left) and the Nal(Tl) response matrix method (right). 



- 49 -

10 

m 
•— 

o 
UJ 

i 
UJ 

1(T» 

10-2 
OJ01 

n 

V 

\ 

01 1.0 

PHOTON ENERGY (MeV) 

Pig. 25. Dose rate Spectrum for the Xe-133 irradiation ob

tained from the multi-element TLD system. 



"0.01 0.1 1.0 
PHOTON ENERGY IMeV) 

TLD 

o 

PHOTON ENERGY (MeV) 

Nal 

Fig. 26. Dose rate spectra at the low background field site obtained from the 

multi-element TLD system (left) and the Nal(Tl) response matrix method (right). 
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made simultaneously, and average dose rates were calculated. Fi

gure 29 shows the dose rates measured at the two sites. During 

the TLD measurements, there was a significant change in the do

se rate at the waste treatment plant. The data for the Nal(Tl) 

spectrometry and plastic scintillation measurements made on 3 

May were corrected assuming that the normalized gamma-ray energy 

spectra were identical before and after the change of the dose 

rate level. The other data of point measurements presented in the 

table were measured on 5 May. Another significant change occurs 

because of the fallout from the Chernobyl nuclear power plant 

accident. But the contribution to the accumulated TL dose is 

small. 

We have made no evaluation of the angular dependence of the mul

ti-element TL dosemeter. This dependence may be of significance 

at the low energy range. For the source irradiations the angular 

dependence is unimportant because the geometric conditions were 

the same as for the energy response calibrations. For the en

vironmental field measurements the importance of the angular de

pendence is rather difficult to evaluate. The multi-element 

TLD's were positioned vertically for the field measurements be

cause the dominant direction of gamma-rays in the environment at 

1 meter above ground is close to horizontal. 

The present study did not allow for the calculation of error es-

stimates because the evaluations of the multi-element TLD tech

nique and the Nal(Tl) response matrix method were based on iter

ative methods. Error estimates might be obtained from the com

puter codes such as the modified SAND-II Monte Carlo code22), 

NEUPAC23), STAY'SL24), and FERRET25). The most basic SAND-II 

code was adapted for the present study, as a first attemt to ap

ply this technique to the multi-element TL dosemeter. 
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5. CONCLUSION 

A passive environmental TL dosemeter system that estimates the 

gamma-ray energy distribution and the dose has been developed on 

the basis of the SAND-II computer code and a five-element CaS04: 

Dy TLD equipped with different filters. A test monitoring program 

made in this study has shown that the doses and unfolded gamma-

ray spectra can be obtained with the dosemeter with results that 

makes the system attractive for measuring environmental gamma ra

diation on a routine basis. Further attempts will be necessary in 

order that the system be used routinely with the evaluation of 

error estimates. 

The TLD system might be considered for future use in connection 

with environmental monitoring around nuclear facilities due to 

the low cost, high sensitivity, and the information given by this 

system compared to alternatives available currently. 
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